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Magnetron sputteringAlthough Physical Vapor Deposition (PVD) is extremely versatile in the palette of coating materials and sub-
strates to which it can be applied, many potentially viable hard coating materials have yet to be explored for
deposition on tool steels via PVD processing. Here one family of such coatings is explored: the niobium car-
bide and carbonitride system. By changing process variables, including bias voltage and working pressure,
evaluating the mechanical properties through nanoindentation and correlating the results to microstructural
observations by transmission electron microscopy, a preliminary survey of these coating materials and the
preferred conditions for their production is presented. Under some conditions of deposition bias and pressure,
niobium carbide can be produced with hardness and elastic modulus superior to titanium nitride ﬁlms, reaching
up to 37 GPa and 400 GPa, respectively, for coatings produced under deposition conditions that reduce intrinsic
porosity. Nitrogen substitution for carbon leads to intermediate carbonitride compositionswithmechanical prop-
erties that depend roughly linearly on composition, permitting a degree of tunability of the coating properties.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Since the 1960s, hard coatings have been applied to reduce wear
and improve friction characteristics of tool steels, especially in, e.g.,
cutting tools [1]. Due to its high hardness, one of the ﬁrst compounds
used in such applications was titanium carbide. TiC was ﬁrst applied
by Chemical Vapor Deposition, CVD [2,3], although the high tempera-
ture of this process proved unsuitable for many steel substrates,
restricting its application mainly to solid carbide tools. Physical
Vapor Deposition (PVD) was developed as an effective way to reduce
the processing temperature to less than 550 °C, enabling coatings on
high alloy steels [4–6]. In the PVD chamber, nitriding reactions are
induced more easily than are carburizing reactions, so nitrides
gradually replaced carbides, with titanium nitride (TiN) being the
most widely used compound [7] due to its similarity to TiC. Today
PVD TiN compounds are often modiﬁed with Al to increase thermal
stability [7]. In fact, due to the large number of studies on TiN or
TiAlN coatings and their extensive use in industry for tool steels
applied to cutting or forming tools [8], these compounds are used as
a baseline reference for the results of the present paper.
As a result of the above trend, most of the literature on PVD coat-
ings over tool steels is directed at the study of nitrides, with the num-
ber of studies on carbides being much smaller. However, based on the
requirements of hard coatings (high strength and thermal stability) [9],612, São Paulo, SP, 05001-100,
.
esquita).
rights reserved.there are a number of carbide systems that seem potentially suitable
even though they have not been widely studied as yet. Examples of
speciﬁc interest to the present work are niobium carbide and niobium
carbonitride. NbC seems a natural candidate hard coating material,
since as a bulk compound it exhibits a hardness beyond 20 GPa and a
melting point above 3000 °C [10]. NbN exhibits full mutual solubility
in NbC [11], so awide range of carbonitridematerials could also be fash-
ioned within this family. This could permit, e.g., tuning of toughness,
thermal expansion coefﬁcient and other secondary properties needed
for high performance applications.
Despite these generally positive expectations for NbC and NbCN as
potential coating materials, to the authors' knowledge there are no
systematic reports in the literature on the effect of processing parame-
ters upon even themost basic ofmechanical properties of suchmaterials
produced by sputtering PVD, such as, e.g., hardness and elastic modulus.
One report in this sense is on vacuum cathode arc deposition of NbC [12],
showing exceptional properties, with hardness values above 40 GPa. For
mechanical properties of sputteredNbC coatings, only one referencewas
found [13], but the hardness values obtained were below 25 GPa, which
is below the hardness of traditional TiN sputtered coatings (~30 GPa)
applied to tool steels; we are also not aware of published results on the
mechanical properties of niobium carbonitride coatings applied speciﬁ-
cally to tool steels.
The purpose of the present paper is therefore to present a study on
the fabrication, mechanical properties and microstructure of niobium
carbide and carbonitride coatings on H13 hot work tool steel, pro-
duced by PVD using direct sputtering of NbC and reactive sputtering
with N2 atmospheres. Beginningwith studies on binary NbC, traditional
PVD variables such as the deposition pressure and bias are changed to
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nitrogen is introduced and nitrogen content is used to tailor the coating
structure and properties. For the preferred conditions, we identify
coatings with hardness and elastic modulus values either similar to or
higher than those of conventional TiN. By using transmission electron
microscopy, these properties are correlated to the ﬁlms' microstructure.
2. Experimental details
PVD ﬁlms were produced by magnetron sputtering, in a system
from AJA International (ATC 2000 UHV), with balanced design. This
system operates via co-sputtering with up to 6 targets, with 2 targets
being used in the present paper: NbC, sputtered under radio frequency
(RF) conditions due to its non-conductive and brittle behavior, and
metallic Nb, sputtered with direct current (DC). The targets, of 50.4 mm
diameter, are placed with a focusing arrangement, with the substrates
located at the focal point and rotating at 15 rpm. The distance from
target to substrate was maintained at approximately 200 mm.
A base pressure of less than 3.10−5 Pa (2.10−7 Torr) and working
pressures of 0.40 Pa and 0.67 Pa (3 and 5 mTorr) were employed;
throughout the text, working pressure refers to the total pressure in the
chamber. Ar was the main process gas, but N2 was also used for the
carbonitride compositions. The system substrate bias was varied be-
tween 0 and 150 V. All depositions were conducted using a 400 °C sub-
strate temperature, as measured by a k-type thermocouple in contact
with the sample holder; temperature was constant throughout the
process, with variation of less than 0.5 °C.
Direct sputtering from a NbC target (99.5% pure) was used for both
the NbC and NbCN coatings, with the N additions effected by sputtering
under a N2-rich atmosphere, with the following conditions: NbC
sputtering under 0.08 Pa N2 partial pressure (20% of total pressure)
and simultaneous sputtering of NbC and metallic Nb (99.9% pure) tar-
gets, under the same N2 atmosphere. For the NbN, traditional reactive
Nb sputtering under N2 was used, with 0.07 Pa partial pressure of N2.
The details for all conditions are given in Table 1. Before sputtering, sub-
strates were polished down to 1 μmwith diamond media, leading to Ra
roughness of about 0.02 mm. Before sputtering, sampleswere cleaned in
acetone, dried with nitrogen and plasma cleaned using 25 W and 150 V
bias for 10 min. Due to the low deposition rate (of about 100 nm/h), the
sputtering time was between 4 and 5 h for each condition. This slower
deposition process is related to the confocal arrangement and also to
the small target diameter and sputtering power. However, it is important
to mention that the AES results showed no important contaminants,
such as oxygen or other gases, during such long deposition times. After
sputtering, the thickness of all coatings was measured to be around
400 nm, the only notable exception being the 0 V bias NbC ﬁlm with a
thickness of about 700 nm.
All ﬁlms were deposited on glass and on H13 tool steel substrates.
The tool steel samples were heat treated before deposition, through
hardening at 1020 °C and double tempering at 600 °C for 2 h each,
leading to a hardness of 45 HRC. This procedure is common for hot
work tool steels [13], and leads to a stable dispersion of secondary
hardening carbides that only show extensive coarsening and hard-
ness loss at temperatures above 600 °C [14].Table 1
Conditions used to produce the various compositions of NbC(1−x)Nx coatings. The errors fo
calculated from the Rietveld error on the lattice parameter determination or by the AES an
Designation Sputtering conditions (targets, power, time) N partial pressure (P
NbC NbC: RF 200 W, 5 h –
NbC0.6N0.4 NbC: RF 200 W, 3 h 0.08
NbC0.4N0.6 NbC: RF 200 W, 3 h Nb: DC 250 W, 3 h 0.08
NbN Nb: DC 250 W, 1 h 0.07Mechanical properties were characterized by nanoindentation,
using a Hysitron nanoindenter with a Berkovich tip. The same tip
was used for all experiments, with an area function carefully calibrat-
ed for indentation depths between 20 and 80 nm; the error in relation
to the fused silica calibration standard was below 5% in terms of hard-
ness and modulus, as can be observed in Fig. 1. These low indentation
depths were used to preserve the accuracy of hardness and modulus
measurements, as the thickness of the coatings varied between 300
and 600 nm. Therefore, indentation depths between 30 and 50 nm
were used in all experiments to ensure a bulk measurement free of
interference from the substrate. The indentation load was adjusted
(between 600 and 3000 μN) to achieve these depths depending upon
the coating hardness. The same nanoindenter was used to determine
surface roughness in scanning contact-imaging mode.
Phase characterization was performed initially by X-ray diffraction
(XRD) using a Rigaku H3R Cu-source Powder Diffractometer, operat-
ing at 50 kV and 200 mA with Cu Kα radiation. A scatter slit and di-
vergence slit of 0.5° were used to concentrate the diffraction beam
on the small samples (about 1 cm2) and to increase the signal/noise
ratio respectively. All patterns were then analyzed using Rietveld re-
ﬁnement, leading to precision on lattice parameters (a) better than
0.0005 nm. This accuracy level was obtained by the use of an external
standard Si powder sample and also by the use of substrate iron peaks
as an internal standard. Differences in lattice parameter (Δa) were
used to calculate the residual elastic macro strain via Hooke's law for a
state of plane stress: σ=−E·ε/(2υ), where E is the Young's modulus,
ε=Δa/a0 the residual strain calculated with respect to the lattice pa-
rameter of NbC, a0=0.447 nm [15,16], and υ=0.235 [17] the Poisson
ratio for NbC. This method was preferred to the sine-square psi tradi-
tional XRD method, due to the low intensity in high angle reﬂections
and considerable broadening observed in many of the conditions.
The method has been previously validated for coatings [18] when
the stress-free compound lattice parameter is known and the sample
lattice constant is determined with high accuracy. In the present
case, both conditions were satisﬁed, with the lattice constant for NbC
calculated from sources of high quality with variation between them
less than 0.00006 nm [15,16].
The XRD data were also used to estimate the C to N ratio in Nb(C,N)
ﬁlms based on the lattice parameter (determined by Rietveld reﬁnement)
and Vegard's law, with an apparent accuracy better than 0.001 nm. The
Vegard reference relationship for this calculation is based on patterns of
high quality for the pure NbC [15,16] and NbN [19–21] compounds and
three indexed patterns for intermediary NbC0.5N0.5 (average of literature
determinations [22,23]). We note that most of the available powder
diffraction ﬁles for NbN represent a stoichiometry of NbN0.9, but here
the ideal 1:1 ratiowas assumed. This indirect, structuralmeans of deter-
miningN contentwas also augmentedwith results fromAuger Electron
Spectroscopy (AES), Physical Electronics Model 700 Scanning Auger
Nanoprobe (LS). TheN content calculated byXRD andAESwas in agree-
ment, as presented in Table 1.
The results of hardness and residual stresses were correlated to
sample surface topography by analyzing the as-coated surfaces under a
ﬁeld emission scanning electron microscope (SEM), Zeiss Nvision 40.
This apparatus has also a focused ion beam (FIB) source, with Ga+r both methods of nitrogen content determination are around 15% of measured values,
alysis uncertainty.
a) x calculated by XRD x measured by AES Bias and total pressure
– – Low: 0 V, 0.40 Pa
High: 70 V, 0.67 Pa
0.40 0.35 Low: 0 V, 0.40 Pa
High: 70 V, 0.67 Pa
0.61 0.56 Low: 0 V, 0.40 Pa
– – Low: 0 V, 0.40 Pa
High: 150 V, 0.40 Pa
Fig. 1. Comparison of data from shallow depth indentation on fused silica, over a depth
range matching that used for the Nb(C,N) coatings, due to the their reduced thickness.
The standard silica sample presents a reduced modulus of 69.5±3.5 GPa and hardness
of 9.5±0.5 GPa.
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copy (TEM) evaluations with a JEOL 200 kV instrument. FIB preparation
involved cutting samples from the coating using 1.5 nA and 30 kV condi-
tions, initial thinning at 30 kV and 80 pA to a thickness of 300 nm, slow
thinning at 30 kV and 40 pA to a thickness of 150 nm, and ﬁnal thinning
using low acceleration conditions of 5 kV and 20 pA. The ﬁnal thickness
of the TEM samples was between about 60 and 100 nm in the imaged
regions. FIB trenches were also used to determine the thickness of
deposited coatings on the steel substrates.
3. Results
3.1. NbC coatings
The sputtering conditions were found to dramatically affect the
properties and surface conditions of the sputtered NbC coatings. This
was initially recognized by comparing the coating thicknesses and visu-
al surface appearances, as shown in Fig. 2. The increase in bias resulted
in an apparently linear decrease of thickness (Fig. 2a) and also led to
loss of coating soundness (Fig. 2b). Fragmentation of the depositedFig. 2. Variation in deposition rate (a) and soundness of the deposited ﬁlm (b) with the bias
from 0.40 to 0.67 Pa. In (b) ﬁlms deposited on glass were compared; the light areas refer t
damage (as noted by the arrows).ﬁlms could be observed visually as shown in Fig. 2b, where the images
show ﬁlms deposited on glass slides and analyzed by a transmission op-
ticalmicroscope under lowmagniﬁcation. Thewhite spots are locations
where lightwas transmitted, and thus represent delaminated regions of
the coating. This effect was largely suppressed in the low bias condition
(0 to 70 V), but was quite strong in the high bias condition (150 V).
Therefore, X-ray diffraction could not be properly conducted on the
150 V bias sample, as most of the coating detached from the surface
during preparation.
On the other hand, bias positively affected the hardness and Young's
modulus, as shown in Fig. 3. We found that a small increase in the total
deposition pressure was also important to mechanical properties, and
thus one condition for high pressure is presented separately in Fig. 3.
While the 0 V bias condition rendered NbC coatings with hardness
and modulus below the values expected for bulk samples (about
22 GPa and 400 GPa, respectively [9]), a strong increase in both proper-
ties is observed with bias. Most interestingly, the hardness values at
biases above about 70 V are well above the nominal bulk NbC hardness,
reaching values as high as 32 GPa, and even further to 37 GPa for the
increased deposition pressure.
The XRD results (Fig. 4) suggest that all of the tested processing
conditions led to the deposition of NaCl cubic NbC (δ phase).There is a
large range of homogeneity of δ phase in NbCx, with x ranging from
0.8 to 1.0, from a defect mechanism with vacancies occurring on the C
sublattice [24]. Such changes lead to a decrease in lattice parameter of
about 0.004 nm, when x varies from 1.0 to 0.8. The measured lattice
parameter for our pure NbC, sputtered at 0 V bias, is 0.4482 nm, which
is very close to the expected lattice parameter for NbC of 0.4469 nm
[15,16]. The Auger results also point to an atomic concentration of
50 at.%. Therefore, the coating was assumed to be close to x=1; the
small differences in lattice parameter aremostly likely related to residual
stresses, although these are expected to be small in the 0 Vbias condition
due to the porousmicrostructure, as will be discussed shortly. A possible
excess of amorphous carbon was not observed, but could be possible in
these systems, according to Ref. [13].
Small shifts in the peak positions to smaller diffraction angles were
observed when bias or working pressure was increased. This indicates
an increase in the lattice parameter in the direction normal to the coat-
ing surface, which is related to compressive biaxial stresses in the plane.
These shifts were converted to residual stress values as shown in Fig. 5.
A roughly linear relation is observed in terms of the increase in both thecondition. No signiﬁcant changes were noticed with the variation of working pressure
o where the microscope light is transmitted, indicating an absence of coating and thus
Fig. 3. Data for mechanical properties, in terms of sputtering conditions of bias and
total pressure. Data was plotted according to an empirical relation, depending on the
product of bias and pressure. The open points relate to the coatings sputtered with higher
pressure (0.67 Pa, at 70 V), and the solid points with lower pressure (0.40 Pa), with bias
values of 0 V, 70 V and 150 V.
Fig. 5. Hardness and compressive residual stress for NbC, plotted as a function of the
deposition bias, for two different working pressures.
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creased. It is certainly striking that these twomechanical measurements
appear to follow identical trends with the processing parameters; this is
an issue that we will return to in the discussion.
Fig. 5 also contains someannotation that better illustrates the effects
of increasing the working pressure. From the limited data available, it
appears that pressure has a signiﬁcant but decidedly secondary inﬂu-
ence. An increase in pressure results in about 20% increase in hardness,
whereas about double the hardness is obtained upon changing the bias
from zero to 70 V.
In addition to the macro residual stress that causes peak shifts,
peak broadening is also observed for samples produced with different
bias conditions. By applying Rietveld reﬁnement and theWilliamson–
Hall plot for the full width at half maximum data, the broadening wasFig. 4. X-ray data showing the single phase cubic carbide and also the peak shift to lower di
steel substrates.shown to be related only to the increase in microstrain between the
conditions of 0 V bias and 70 V bias. The microstructure observations,
shown later, conﬁrm this point, as no grain size change was observed
among these various samples.
In addition to changes in hardness, modulus and residual stress, the
processing conditions of the coating also affect the surface roughness,
which dramatically decreases from zero to 70 V bias. This is shown in
Fig. 6(a) and (b). Further change to the surface morphology is also in-
duced by increasing pressure from 0.40 to 0.67 Pa, as shown in Fig. 6(b)
and (c).
All of the above results can be appreciated in the context of the
coating microstructure by observing the bright-ﬁeld TEM images in
Fig. 7, showing cross-sections of binary NbC coatings, for low and high
bias conditions. Again, a dramatic change is observed with the applica-
tion of bias, and this change pertains to apparent porosity in the coatings.
First, in the low bias condition in Fig. 7a, we observe a very ﬁne
polycrystalline structure. Several bright areas were observed in theffraction angles due to compressive residual stress (see also Fig. 4). Films deposited on
Fig. 6. Surface roughness of NbC for each sputtering condition: (a) zero bias, (b) 70 V bias and 0.40 Pa total pressure, (c) 70 V bias and 0.67 Pa total pressure. Images were obtained
by scanning probe microscopy (top images) and scanning electron microscopy (bottom images). The roughness values refer to the root-mean-square roughness.
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typical examples are shown in Fig. 7a,marked bywhite arrows. Extensive
evaluations of these samples, usingdark andbrightﬁelds aswell as differ-
ent FIB preparation conditions (of which one example is shown in Fig. 8),
led us to the conclusion that these bright regions are in fact porosity,
small voids located between the grains of the columnar structure. Some
relatively larger voids (with characteristic lengths of about 2 nm) as
well as more typical smaller regions (less than 1 nm in size) were
observed. Such nanoporosity has been observed both in experiments on
low bias PVD TiN samples [25] and in kinetic Monte Carlo simulations
of thin ﬁlm growth [26,27]. Compared to the studies on TiN in Ref. [25],
the results in Fig. 7a indicate a somewhat higher level of porosity in the
present ﬁlms.
On the other hand, samples prepared at higher process intensities
do not exhibit these regions of porosity, and in general seem much
more dense (Fig. 7b). In addition, these samples also tend to exhibit
more contrast arising from lattice defects. This is consistent with the
XRD results that indicated a signiﬁcant increase in microstrain with
increasing bias.
3.2. Nb(C,N) coatings
Fig. 9 presents the XRD diffractograms for all of the carbide,
nitride, and carbonitride compositions produced without bias. These
all show the typical pattern for the face-centered cubic phases, with
the NbC and NbN peaks separated from each other by a small but
important difference, and the intermediate compositions positioned
between the two pure compounds as expected for solid solutions.
The 70 V bias samples exhibited some peak shift due to residual stress.
Themechanical properties of theseﬁlms are shown in Fig. 10. A linear,
rule-of-mixture-like trend is observed with respect to nitrogen content
for all of the ﬁlms, including those produced under high bias conditions.
The nitride phase is considerably more compliant and weaker than the
carbide one, and in between it is possible to ﬁnely tune the coating
to different levels of hardness and stiffness by adjusting the nitrogen
content. And, as reported above for the NbC phase, higher processingbias in every case leads to higher hardness and stiffness, presumably
because of an increase in density (cf. Fig. 7). Indeed, our TEMobservations
on the low bias specimens containing N also show porosity in similar
levels to the low-bias NbC ﬁlms (see Fig. 8). The nitride and carbonitride
ﬁlms also exhibit essentially the same columnar grain structure, with a
characteristic grain width of about 30 nm (Fig. 11).4. Discussion
4.1. Process variables and properties of NbC coatings
The above results show that using PVD, NbC coatingswith hardnesses
at the same level or even slightly higher thanmore traditional PVD coat-
ings can be produced. More speciﬁcally, with hardness values up to
37 GPa, the present coatings are reasonably matched to TiN (23 GPa),
(Ti,Al)N (30 GPa) or CrN (23 GPa), according to typical industrial values
[28]. These mechanical property values are not, however, attained at all
processing conditions, and here we ﬁnd that they are induced by the in-
crease in bias condition, and are accompanied by considerable increase
of compressive residual stresses.
This effect of bias is well-known for other PVD coatings, and is ap-
preciated as yielding more densiﬁcation and higher compressive re-
sidual stresses. For example, these trends have been reported in TiN
ﬁlms produced by PVD [29] or CrN [30]. In fact, similar trends have
been reported for NbC coatings produced by arc evaporation [11].
Based on our observations in Fig. 7, it seems likely that at least in the
present case, the improvement in mechanical properties may be attrib-
uted to the elimination of nanoporosity in these ﬁlms. As shown by the
traditional Thorthon structure zone model [31], a low ratio of substrate
to melting temperature of the coated compound (Ts/Tm) leads to ﬁlms
of Type I morphology, which are less dense and have compromised
mechanical properties. The sensitivity of NbC to this effect is expected
to be considerably higher than for nitrides such as TiN or CrN, due to
the higher melting point of NbC, which is about 3800 K, vs. 3200 K for
TiN and 1800 K for CrN.
Fig. 7. TEM micrographs of NbC sputtered under: (a) zero volt bias and (b) high bias conditions (70 V). Bright areas where the beam was transmitted are interpreted as porous
regions.
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the bias, as shown in Fig. 7, both the hardness and elastic modulus in-
crease to values consistent with expectations for the bulk compound
(Fig. 3). This change in properties is also accompanied by a continu-
ous increase in residual stress, which seems to achieve levels higher
than are common for nitrides. Nevertheless, the comparison of resid-
ual stress between NbC and TiN or other coatings is less direct than
the comparison of hardness, due to the difference in elastic moduli;
the modulus of NbC is higher by a factor of almost two than that of
TiN, which means that at the same strain level the residual stress in
NbC is inﬂated by the same factor. The coatings may best be com-
pared on the basis of residual strain. Literature results for TiN coatingsFig. 8. Zero bias NbC (left image) and NbC0.60N0.40 (right image) microstructures, eval-
uated in thicker TEM lamellas (about 100 nm).show stresses between 3 and 8 GPa [32–35] for bias of about 70 to
100 V, which relates to strain between 1.0 and 2.0%. This strain level is
similar to that determined for the present NbC coatings, about 1.0%
for 70 V bias. There are many reasons for this observed increase in
compressive residual elastic strain (and thus residual stress) upon
increasing the bias, two of which are considered the most important
[7,8,26]: i) thermal effects related to the different thermal expansion
between substrate and coating, and ii) the introduction of strain during
sputtering. All these effects cause an increase in densiﬁcation, and thus
are consistent with the observed increase in residual stresses.
On the other hand, the highest bias conditions used in the present
paper, especially 150 V, show that the deposited ﬁlm is not sound and
was almost fully delaminated from the surface. Extreme values of
compressive stresses, about 10 GPa, are expected for such conditions,
and these are likely the main limitation against continuously increas-
ing the applied bias. For example, the literature suggests that residual
stresses over 7 GPa in TiN also tend to cause ﬁlm deterioration [35–37].
In terms of physical mechanisms associated with the change in bias,
many reports in the literature for other compounds [36–40] suggest
that the stronger acceleration of the positive ions against the substrate
leads to denser ﬁlms. Our results are generally consistent with this ex-
planation, as shown in Figs. 3 and 7. The result for the increased bias
voltage would then be related to a higher kinetic energy of the arriving
Ar ions. On the other hand, the increase in pressure is related to a larger
number of impinging ions. This role of bombardment conditions is in
agreementwith previousmodels in literature, which consider the aver-
age energy delivered per atom and the ﬂux of atoms [40–43].
Another fact related to the PVD processing variables that is worth
discussing relates to the ﬁnal surface roughness (Fig. 6). The higher
degree of smoothness on the surface of high bias samples may be
explained by a constant “plasma cleaning” during the deposition pro-
cess by Ar+ ions accelerated against the surface. It is reasonable that
this roughness would be affected by both bias and working pressure,
Fig. 9. Untreated data from X-ray diffraction, for all studied compositions deposited on steel. Only the zero bias samples were employed in this analysis, because the high bias
samples present strong peak shift due to residual stresses. The difference in signal/noise of patterns is mainly caused by the higher thickness of the NbC coatings as well as possible
differences in preferential orientation. All ﬁlms are deposited on steel substrates.
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shocking atoms, respectively.
Therefore, the effects of bias and change in working pressure seem
consistent with the same mechanisms proposed for traditional PVD
coatings. Some of these effects are stronger for NbC than for other
compounds due to the lower homologous processing temperature
Ts/Tm, which in turn is caused by the high melting point of NbC.
4.2. Effect of nitrogen in NbC PVD coatings
As shown in Figs. 8 to 10, the differences in structure and mechanical
properties tend to vary linearly with N substitution for C in NbC. The
hardness differences in the intermediate compositions of the system
NbC(1−x)Nx can be attributed to the partial substitution of Nb\C bonds
with Nb\N bonds, which naturally leads to a lower hardness relative toFig. 10. Mechanical properties of the coatings as a function of the nitrogethe bulk hardness of NbC (about 22 GPa), and can approach that of
NbN (about 14 GPa) [9]. Nevertheless, the hardness of NbC0.6N0.4 is still
about 28 GPa, which is in line with the common range for TiN coatings
widely used in industry [7,27]. Other physical properties can be expected
to exhibit similar behavioral trends in the mixed Nb(C,N) composition
range, e.g. N can be used to increase the thermal expansion coefﬁcient
relative to NbC [9], which in turn could lead to better compatibility
characteristics when coating metallic substrates such as the tool steels
evaluated here [8].
Therefore, the ﬁndings from the present paper show that N addi-
tions may be used to control the hardness and modulus of NbC direct
sputtered PVD coatings. We suggest that this may in fact be a preferred
coating than a simple binary NbC produced with the same hardness and
modulus by lowering the applied bias; theN-bearing coatings can achieve
the same suite of propertieswithout introducingporosity,whichmay alson content calculated according to Fig. 1, for the zero bias condition.
Fig. 11. Microstructure of the PVD ﬁlms of (a) NbC and (b) and NbC0.6N0.4, both
sputtered without bias. The bright and dark ﬁeld images illustrate a similar columnar
grain structure for both compositions. Part of the substrate is present in the bright
ﬁeld image of (b).
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toughness, reduced corrosion protection, decohesion, etc. This hardness
control may be important to applications where lower strength is accept-
able given that better toughness is required, such as those with failure
mechanisms related to coating chipping or spalling.
5. Conclusions
Processing conditions for the production and microstructural de-
sign of niobium carbide and carbonitride PVD coatings, via magnetron
sputtering, were evaluated experimentally in this paper, for deposition
on tool steel samples. The most salient ﬁndings are presented below:
- The microstructure, properties and surface hardness of Nb-based
hard coatings are shown to be very dependent on the bias in-
crease, but also inﬂuenced by the working pressure. These depen-
dencies are stronger than are observed for TiN or CrN.
- One of the microstructural explanations for the effect of bias upon
mechanical properties is related to a strong change in nanoporosity,
which is quite high in the low bias samples and apparently absent
after sputtering under high bias conditions. This observation is gen-
erally in line with traditional models for the bias effect, with the no-
table caveat that NbC has a higher sensitivity to this effect because of
its higher meting temperature, in relation to nitrides.
- On the other hand, very high values of bias, such as 150 V, tend to
cause the deterioration of the ﬁlm via delamination and ﬂaking.
This is probably a result of the extremely high levels of compressive
residual stresses developed under the highest bias conditions.
- Using optimized sputtering conditions, NbC hard coatings can thus
be producedwith densemicrostructures, leading to hardness values
higher than those reported for traditional nitrides, such as TiN.Hard-
nesses as great as 37 GPa and elastic moduli as high as 400 GPa are
reported here.
- At the same time, to produce ﬁlms with hardness and physical prop-
erties closer to traditional TiN ﬁlms, N modiﬁcation to NbC is a viable
approach. The carbonitride coatings have the same crystal structure
and similar microstructure, but exhibit linear rule-of-mixture-like
behavior between the harder carbide phase and the softer and more
compliant nitride phase.Acknowledgments
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